Abstract We investigated the effect of Ar ion sputtering on the surface electronic structure of indium tin oxide (ITO) using X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS) measurements with increasing Ar ion sputtering time. XPS measurements revealed that surface contamination on ITO was rapidly removed by Ar ion sputtering for 10 s. UPS measurements showed that the work function of ITO increased by 0.2 eV after Ar ion sputtering for 10 s. This increase in work function was attributed to the removal of surface contamination, which formed a positive interface dipole relative to the ITO substrate. However, further Ar ion sputtering did not change the work function of ITO although the surface stoichiometry of ITO did change. Therefore, removing the surface contamination is critical for increasing the work function of ITO, and Ar ion sputtering for a short time (about 10 s) can efficiently remove surface contamination.
I. Introduction
Organic electronic devices, such as organic light-emitting didoes (OLEDs) and organic photovoltaics (OPVs), have attracted attention for the last three decades due to their unique advantages including light weight, simple fabrication methods and flexibility [1, 2] . It is known that organic semiconductors are charge carrier deficient, thus the charge carriers for device operation must be supplied from the electrodes [3, 4] . Therefore, the energy level alignment in devices plays a critical role in achieving high efficiency organic electronic devices because the charge injection efficiency governs the device performance [5, 6] . The charge injection efficiency is determined by the charge injection barrier, which is the energetic difference between the charge transport level and the Fermi level (E F ) of the electrode. At the anode, the hole injection barrier between the highest occupied molecular orbital level of an organic semiconductor and the E F of the anode should be minimized [7] . On the cathode, the electron injection barrier between the unoccupied molecular orbital level of an organic semiconductor and the E F of a cathode should be minimized [8] .
In this regard, it is necessary to increase the work function of the anode to improve device performance. Indium tin oxide (ITO) is a transparent conducting oxide that is widely used as an anode for OLEDs and OPVs, owing to its high transparency and conductivity. It is known that the work function of ITO is strongly influenced by residual surface contamination, and is therefore affected by the cleaning method used. Sugiyama et al. reported that ultrasonication in organic solvents left residual surface carbon contamination; therefore, additional surface treatments such as UV-ozone, O 2 -plasma treatments, and Ar ion sputtering are desirable, as these can efficiently remove contaminants from the ITO surface [9] . These treatments increase the work function of ITO, and the resulting device performance also improves significantly [10, 11] .
The effect of the surface treatment on the electronic structure of the ITO surface should be well understood to establish a procedure for device optimization. In this study, we investigated the effect of Ar ion sputtering on the electronic structure of the ITO surface as a function of Ar ion sputtering time. The electronic structure was measured using X-ray and UPS photoelectron spectroscopy (XPS and UPS) at each sputtering step. The work function change of ITO was determined with UPS measurements, and the result was discussed in terms of residual surface contamination observed using XPS measurements.
II. Experimental Section
An ITO-coated (150 nm) glass substrate was sequentially cleaned by ultrasonication in deionized (DI) water, detergent, acetone, methanol and DI water again. After solvent cleaning, the ITO was dried with a N 2 gas flow and loaded immediately into the entry chamber of the XPS. The XPS and UPS spectra were measured using a PHI 5700 spectrometer using X-ray (Al Kα, 1486.6 eV) and He I (21.22 eV) ultraviolet discharge light sources. The base pressure of the analysis chamber was <10 −9 Torr. Ar ion sputtering onto ITO was conducted without breaking vacuum in the analysis chamber. A beam voltage of 3 kV was supplied to the Ar ion gun with an emission current of 25 mA. During Ar ion sputtering, the pressure of the analysis chamber was maintained at <10 −6 Torr. XPS and UPS spectra were obtained to investigate the electronic structure of ITO at each Ar ion sputtering step (0, 2, 4, 10, 14, 22, 32 and 50 s). A sample bias of −16 V was applied during the UPS measurements to measure the secondary electron cutoff (SEC). The uncertainties in our UPS and XPS measurements were estimated to be 0.09 eV and 0.9 eV, which were the half-width at the Fermi edge of Au and fullwidth at the half-maximum of Au 4f 7/2 , respectively. Figure 1 shows the XPS spectra of the C 1s region as a function of Ar ion sputtering time (0, 2, 4, 10, 22, 32 and 50 s). The C 1 s emission feature from surface carbon contamination was clearly observed at 285.8 eV. After Ar ion sputtering was conducted for 2 s, the spectral intensity decreased by half compared to that of bare ITO. This implies that the carbon contaminants were weakly adsorbed onto the ITO surface, thus they could be removed by Ar ion sputtering in a very short time. The surface carbon peak was further attenuated after sputtering for 4 s, and the peak was difficult to observe after the 10 s Ar ion sputtering step. Further Ar ion sputtering steps (22, 32, 50 s) did not change the spectral features, which suggests that most surface carbon contamination was removed by Ar ion sputtering for 10 s. A C 1s feature was still observed over a broad range of 284 to 292 eV even after the 10 s Ar ion sputtering step, but it did not decrease after further Ar ion sputtering. Therefore, the remaining carbon is not likely to be a surface feature, but instead contamination in the bulk ITO, which might have occurred during the ITO film preparation procedure. Figure 2 shows the XPS spectra of In 3d with increasing Ar ion sputtering time (0, 2, 4, 10, 14, 22, 32 and 50 s). The In 3d 3/2 and 3d 5/2 emission features were observed at 445.2 eV and 452.8 eV, respectively. At the 2 s Ar ion sputtering step, the spectral intensity increased by ~35% compared to that of bare ITO. The spectral intensity continuously increased until the 10 s Ar ion sputtering step, and the intensity at the 10 s Ar ion sputtering step was 70% higher than that of bare ITO. This was attributed to the removal of surface contamination, which hindered the photoelectron emission from the ITO substrate. Further Ar ion sputtering also slightly increased the spectral intensity, but the increase was not considerable. The peaks did not shift as a function of sputtering time; however, the peak width became narrower with increasing Ar ion sputtering time. Figure 3 shows the XPS spectra of Sn 3d with increasing Ar ion sputtering time (0, 2, 4, 10, 14, 22, 32 and 50 s). Sn 3d 3/2 and 3d 5/2 emission features were observed for bare ITO at 487.3 eV and 495.7 eV, respectively. As with the In 3d spectra, the Sn 3d intensity increased with increasing Ar ion sputtering time, and the spectral intensity at the 10 s Ar ion sputtering step was ~20% higher than that of bare ITO. During these Ar ion sputtering steps, the peak position shifted toward lower binding energies by 0.2 eV. However, the Sn 3d intensity decreased as Ar ion sputtering increased to 10 s and beyond. As a result, the spectral intensity at the 50 s Ar ion sputtering step was similar to that of bare ITO. This indicates that Ar ion sputtering on the cleaned ITO surface changed the surface stoichiometry. Specifically, In became richer than Sn at the surface with increased sputtering. Ar ion sputtering from 10 s to 50 s did not induce peak shifts. Figure 4 shows the XPS spectra of O 1s with increasing Ar ion sputtering time (0, 2, 4, 10, 14, 22, 32 and 50 s). The O 1s emission features of ITO can be identified as lattice oxygens, oxygen vacancies and surface contamination oxygens [12] . At the 2 s Ar ion sputtering step, the spectral intensity for surface contamination oxygen at higher binding energies (~533 eV) rapidly decreased [13] . Further Ar ion sputtering did not decrease the intensity, which indicates that most surface contamination oxygens were removed by the initial Ar ion sputtering. The spectral intensity for oxygen vacancies at ~532 eV also decreased with increased Ar ion sputtering. The lattice oxygen peak at 530.8 eV was shifted by 0.2 eV toward lower binding energies, similar to the shift observed in Sn 3d peak. The spectral intensity gradually increased, but no additional features from possible surface damage were observed. This also suggests that surface contamination is effectively removed by Ar ion sputtering for a short time. Figure 5 (a) shows the UPS spectra of the SEC region of ITO with increasing Ar ion sputtering time (0, 2, 4, 10, 14, 22, 32 and 50 s). The SEC region spectra were normalized and displayed with a kinetic energy scale to directly show the work function. The SEC of ITO was observed at 3.71 eV. The SEC gradually shifted toward higher kinetic energies after Ar sputtering for 10 s, implying an increase in the work function. This is the same shifting trend observed in the XPS Sn 3d peak. However, Ar ion sputtering times greater than 10 s did not shift the SEC further within our experimental uncertainty. Taken together with the XPS results, we concluded that the surface contamination induced positive interface dipoles relative to the ITO substrate, which decreased the work function by 0.2 eV, and Ar ion sputtering for 10 s efficiently removed surface contamination. As a result, the work function of ITO increased. However, Ar ion sputtering more than 10 s did not change the work function of ITO, but did change the surface stoichiometry somewhat as shown in the XPS spectra. Figure 6 shows the UPS spectra of the valence region of ITO with increasing Ar ion sputtering time (0, 2, 4, 10, 14, 22, 32 and 50 s). The Shirley-type background (due to the inelastic electron scattering) was removed from the measured spectrum. In the bottommost spectrum of bare ITO, valence band features were observed with a range of 311 eV, which mainly originated from O 2p [14] . The Fermi edge was observed even for bare ITO, which indicates the conductive nature of the material. The valence band maximum (VBM) for bare ITO was observed to be 3.3 eV below E F , which is in good agreement with a previous report [15] . At the 2 s Ar ion sputtering step, the valence feature at 7 eV gradually decreased, while the feature at 4.7 eV gradually increased without a shift in the VBM. This decrease/increase tendency in the spectral intensity continued until the 10 s Ar ion sputtering step. Again, this is because of the removal of surface oxygen contamination, as shown in the XPS spectra, which is in agreement with a previous report [16] . However, further Ar ion sputtering (more than 10 s) did not change the valence features significantly. Although a change in the surface stoichiometry was observed from the XPS spectra, the VBM did not shift. These valence spectra again confirm that Ar ion sputtering for 10 s removes surface contamination on ITO, but further Ar ion sputtering does not affect the valence electronic structure of ITO. Collectively, only short Ar ion sputtering times of ~10 s are necessary to obtain a clean ITO surface having a high work function.
III. Results and Discussion

IV. Conclusions
The effect of Ar ion sputtering on the surface electronic structure of ITO was investigated using UPS and XPS measurements. Ar ion sputtering efficiently removed surface contamination that forms an interface dipole on the ITO, which decreases the work function. As a result, the work function of ITO was increased by 0.2 eV after Ar ion sputtering for 10 s. Further Ar ion sputtering changed the surface stoichiometry of ITO, but did not affect the work function of ITO. Therefore, only short Ar ion sputtering times of about 10 s are necessary to clean the ITO surface and increase the work function. This increased work function influences the energy level alignment when ITO is in contact with organic semiconductors. Therefore, the effect of surface contamination should be considered to reduce the hole injection barrier. 
